The causative agent of severe acute respiratory syndrome (SARS) is the SARS-associated coronavirus, SARS-CoV. The nucleocapsid (N) protein plays an essential role in SARS-CoV genome packaging and virion assembly. We have previously shown that SARS-CoV N protein forms a dimer in solution through its C-terminal domain. In this study, the crystal structure of the dimerization domain, consisting of residues 270 -370, is determined to 1.75 Å resolution. The structure shows a dimer with extensive interactions between the two subunits, suggesting that the dimeric form of the N protein is the functional unit in vivo. Although lacking significant sequence similarity, the dimerization domain of SARS-CoV N protein has a fold similar to that of the nucleocapsid protein of the porcine reproductive and respiratory syndrome virus. This finding provides structural evidence of the evolutionary link between Coronaviridae and Arteriviridae, suggesting that the N proteins of both viruses have a common origin.
helical ribonucleoprotein core (4) . The surface projections forming the crown-like structure observed via electron microscopy are made up of the S protein, which is responsible for receptor recognition and membrane fusion (5) (6) (7) (8) (9) . The integral membrane proteins M and E are essential for virus budding. When co-expressed in animal cells, the M and E proteins are sufficient to form virus-like particles (10) . The N protein interacts with the viral genome to form the ribonucleoprotein core and has been shown to be involved in viral RNA synthesis, transcriptional regulation of genomic RNA, translation of viral proteins, and budding (2, 11, 12) .
Coronaviruses are related to arteriviruses by their similar genome organizations and viral replication mechanisms (3, 13) . Recently, Coronaviridae and Arteriviridae were united to form the new order Nidovirales. The name of the order comes from a property common to both viruses, a nested set of subgenomic mRNAs for structural protein expression (Latin nidus, meaning nest). The replicase genes of arteriviruses and coronaviruses are thought to have a common origin since they both have conserved domains that are present at the same relative positions (2, 14, 15) . The structural proteins, however, are thought to be unrelated due to differences in protein size and lack of sequence similarity (15) .
Coronavirus N proteins are composed of three distinct domains. High resolution structures of the N-terminal domain (ϳ130 residues) were determined by NMR (16) and crystallography (17) . This region folds similarly to the U1A RNA-binding protein and is suggested to bind RNA (16, 17) . The central region of the N protein has also been shown by several laboratories to be an RNA-binding domain (18 -21) . No structural information is available for the central domain, possibly due to its high positive charge and flexible nature. Recently, secondary structure elements of residues 248 -365 of SARS-CoV N protein have been reported from NMR studies; however, the tertiary structure was not resolved (22) . We have previously shown that the full-length SARS N protein, consisting of 422 amino acids, forms a dimer in solution through its C-terminal domain. In this study, we report the crystal structure of the dimerization domain of SARS-CoV N protein consisting of residues 270 -370. Consistent with biochemical studies showing that this domain mediates dimer formation of the N protein (17, 23) , the structure consists of a dimer with extensive interactions between subunits, suggesting that the N protein is not stable in the monomeric form and that the dimeric structure represents the functional unit of the N protein. Furthermore, the dimerization domain of SARS-CoV N protein shows a similar fold to that of the N protein of porcine reproductive and respiratory syndrome virus (PRRSV), a member of Arteriviridae. The structural similarity between these two N proteins, in the absence of significant sequence similarity, adds further evidence that Coronaviridae and Arteriviridae have evolved from a common ancestor.
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification-DNAs encoding various fragments of SARS-CoV (strain GD01) nucleocapsid protein, SARS N, were cloned into a pMCSG7 plasmid with an N-terminal His 6 tag and a tobacco etch virus protease cleavage site. For selenomethionine (SeMet) derivatized protein, the methionine auxotroph strain B834(DE3) cells (Invitrogen) were transformed with the expression plasmid. The cells were grown to log phase at 37°C in minimal medium supplemented with SeMet (Sigma) and cooled to 16°C, and protein expression was induced by the addition of 0.1 mM isopropyl-1-thio-␤-D-galactopyranoside. Cells were harvested by centrifugation at 4000 ϫ g for 20 min. Cell pellets were resuspended in lysis buffer (20 mM Tris, pH 8.5, 200 mM NaCl) and lysed by sonication. Cell lysate was centrifuged at 90,000 ϫ g for 45 min at 4°C, and the supernatant was loaded onto a cobalt column (Clontech; TALON metal affinity resin). The column was then washed with lysis buffer followed by lysis buffer plus 5 mM imidazole. The protein was eluted with lysis buffer plus 100 mM imidazole. Fractions containing SARS N proteins were pooled and dialyzed against 20 mM Tris, pH 8.5, 150 mM NaCl to remove the imidazole. Tobacco etch virus protease was added to 10% (w/w), and the reaction mixture was incubated at 30°C for 10 h. Complete removal of the affinity His tag was monitored by SDS-PAGE. Further purification was achieved by size exclusion chromatography (Amersham Biosciences; Superdex 75) in lysis buffer plus 10 mM dithiothreitol to keep all SeMet in the reduced form. Incorporation of SeMet was confirmed by mass spectrometry and fluorescence scans around the selenium potassium absorption edge.
The native N protein fragments were expressed in BL21star(DE3) cells and purified similarly except that no dithiothreitol was used in the buffer.
Crystallization and Data Processing-Protein samples were dialyzed against 10 mM Tris at pH 8.5 and 70 mM NaCl and concentrated to 45 mg/ml. Crystals were grown by mixing protein solution with the reservoir solution containing 30 -33% pentaerythritol ethoxylate, 15/4 ethoxylate/hydroxyl, 50 mM (NH 4 ) 2 SO 4 , and 50 mM Bis-Tris, pH 6.5, at 1:1 ratio in sitting drops by vapor diffusion at 4°C. Crystals were looped out of the drop and flash-frozen in liquid nitrogen. Data were collected at 100 K with a Quantum-Q315 CCD (ADSC) detector on beamline 19-ID at the Advanced Photon Source (Structural Biology Center, Argonne National Laboratory). X-ray diffraction data for the initial structure determination were collected to 2.2 Å resolution from crystals containing SeMet protein (see Table 1 , phasing set). Data from both lattices of the twin domains were processed separately with HKL2000 (24) and then merged together in Scalepack. Phases were obtained from the four selenium sites found by multiple wavelength anomalous diffraction using the program SOLVE (25) and improved by density modification using CNS (26) . The initial model was built automatically using Arp/Warp in CCP4 (27) . A higher resolution data set (1.75 Å) from a SeMet protein crystal (see Table 1 , refinement set) was used for refinement. The resolution was extended over several cycles of model building in O (28) and refinement in REFMAC5 in CCP4 (27) .
RESULTS
Crystallization and Structure Determination-The full-length SARS-CoV N protein (SARS N) and 18 truncated constructs were expressed in bacteria and purified for crystallization. Although most constructs yielded either no crystals or merely clusters of small needles, a C-terminal construct containing residues 270 -370 (cSARS-N) was readily crystallized to give well diffracting crystals. Although the crystals appear to be composed of a single lattice as viewed under a microscope fitted with a light polarizer, the diffraction pattern indicated that the crystals were unusually twinned, resulting in two overlapping monoclinic lattices of similar unit cell dimensions. The two lattices are related by a 180°rotation around the y axis followed by a 50°rotation around the z axis. As a result, nearly half of the observable reflections overlapped to some extent. Both native and SeMet derivatized proteins formed twinned crystals regardless of changes in temperature, precipitant, pH, and salt concentration. Because of the large number of partially overlapped reflections, only the central four pixels of each reflection were measured, these being proportional to the integrated intensity presuming the profile was fairly constant (details of the data processing procedure will be published elsewhere).
The structure of cSARS-N was determined by multiwavelength anomalous diffraction using a SeMet derivative to 1.75 Å resolution. The crystal belongs to space group C2, and the asymmetric unit contains a dimer of two subunits related by a 180°rotation. The final model, containing residues 270 -366 of one subunit and residues 274 -369 of the other, was refined to R work /R free of 18.7/23.5 (Table 1) . A representative 2F o Ϫ F c electron density map is shown in Fig. 1 . The model, analyzed with PROCHECK (29), has 97.5% of non-glycine residues in the most favored regions of the Ramachandran plot, with no disallowed residues.
Overall Structure-Sequence comparison shows that the dimerization domain of the nucleocapsid protein is conserved among the three groups of coronaviruses, suggesting a common structural and functional role of this domain ( Fig. 2A) . The monomer of cSARS-N contains five short ␣-helices, one 3 10 helix, and two ␤-strands. The overall shape of the monomer resembles the letter C, with one edge formed by a ␤-hairpin extending away from the rest of the molecule (Fig. 2B) . In contrast to many small proteins that are remarkably compact, the monomeric cSARS-N domain folds into an extended conformation with a large cavity in its center. It is therefore likely that the N protein is not stable in the monomeric form and that higher oligomerization of the polypeptide is necessary to produce a stable conformation. Consistent with previous biochemical studies suggesting that the full-length SARS N protein forms a dimer in solution through its C-terminal domain (17, 23) , a compact dimeric form of cSARS-N was observed in the crystal (Fig. 2C) . The dimer has a flat structure of approximate dimensions 48 ϫ 42 ϫ 25 Å. The two subunits in the dimer are almost identical, with a root mean square deviation of 0.36 Å over 92 C ␣ atoms out of 101 residues and the largest displacement of 0.56 Å. The dimer interface is largely formed by insertion of the ␤-hairpin of one subunit into the cavity of the opposite subunit (Fig. 2C) . As a result, the four ␤-strands of the two subunits form an anti-parallel ␤-sheet, with 10 hydrogen bonds formed across the dimer interface by the main chain atoms of residues 330 -340. Two large, pyramidal hydrophobic cores form a bow tieshaped pocket that further stabilizes the dimer. Each core consists of base residues Phe-287, Leu-292, Trp-302, Ile-305, Phe-308, Tyr-334, Ile-338, Leu-340, Leu-354, Ile-358 from one subunit and apex residues Phe-315, Phe-316, Ile-321, and Leu-332 from the other subunit. The buried area in the dimer interface is 2093 Å 2 per subunit, which accounts for 28% of the total solvent-accessible surface area of each subunit. The extended structure of the monomeric subunit and the extensive interactions between the subunits within the dimer suggest that the dimeric arrangement observed crystallographically represents the biological architecture of the coronavirus N protein. The structure of cSARS-N is consistent with biochemical studies showing that residues 1-284 of the SARS N protein are dispensable for dimer formation (23) . The strong interactions between the two subunits explain the previous observation that a significant amount of denaturant (4 M urea) was necessary to disrupt the dimer in solution (23) .
A recent NMR study reported secondary structural assignments of a SARS N protein construct that is similar to cSARS-N (22) . Despite the difficulty in resolving the three-dimensional structure, a dimeric interface consisting of a four-stranded anti-parallel ␤-sheet and two ␣-helices was proposed (22) . Comparing the crystal structure with the proposed NMR structure, one of the most notable differences is the location of the longest helix, helix E (residues 346 -357). In the crystal structure, helices E of both subunits are located at the edge of the dimer molecule, away from each other (Fig. 2C) , whereas in the structure proposed by NMR, they are placed at the interface to stabilize the dimer (22) .
Structural Similarity to the Nucleocapsid Protein of Arterivirus-A DALI search of the Protein Data Bank did not identify any other proteins with similar folds to that of cSARS-N. However, common structural features can be found between cSARS-N and the nucleocapsid protein of PRRSV (Fig. 2) . PRRSV belongs to the recently recognized family Arteriviridae, which is in the same order as Coronaviridae. The crystal structure of the C-terminal 65 residues of PRRSV N protein (30) is a homodimer. Each subunit consists of two central anti-parallel ␤-strands flanked by three ␣-helices. Although the sequences of PRRSV N and cSARS-N have no significant similarity (Fig. 3A) , superposition of the monomeric N proteins of PRRSV and SARS-CoV shows that the two have similar folds in a core region of ϳ50 residues (Fig. 3, B and C) . The central ␤-strands are superimposable, and the helices following the ␤-strands are of similar length and position (Fig. 3B ). In addition, as proposed in the recent NMR study (22) , the dimer interface of the two N proteins are very similar, noted by the intertwining of the central ␤-strands to form a four-stranded sheet (Fig. 3C ). This is evident by a root mean square deviation of 2.24 Å for the C ␣ positions among 38 residues at the dimer interface. 
DISCUSSION
Specific packaging of the viral genome into the virion is a critical step in the life cycle of an infectious virus. The N protein plays an essential role in this process through self-association and interactions with viral RNA and other viral proteins. In an effort to understand the mechanism of how SARS N protein functions, we determined the crystal structure of its C-terminal dimerization domain. Extensive hydrogen-bonding and hydrophobic interactions are observed between the two subunits within the dimer found in the crystal, suggesting that the functional unit of the N protein is dimeric. Strong protein-protein interactions at the dimerization region may be essential to hold the putatively monomeric, highly charged RNA-binding domains in close proximity (16) , thereby facilitating the formation of a large helical nucleocapsid core. Association of the N protein dimers is necessary for further assembly of the core. The full-length dimeric N protein has a propensity to form tetramers and higher molecular weight oligomers in vitro (23) . A serine/arginine-rich motif (residues 184 -196) was shown to be important for N protein oligomerization (31) . Since constructs containing residues 211-422 or 285-422 of SARS N do not form oligomers larger than dimers (23) , it is possible that the serine/arginine-rich motif located outside the dimerization domain is necessary to mediate further association of N protein dimers. Recently, the C-terminal 45 residues of the mouse hepatitis virus N protein were shown to be the major determinant for interaction with the M protein (32) . Association of the N protein with the M protein may also play a role in the assembly of the nucleocapsid core into a progeny virion.
RNA viruses have high rates of sequence divergence and genome recombination, and thus it is often a challenge to study the evolutionary relationships among viruses. Structural studies have become an important method for revealing distant relationships among viruses. Among all lipid-enveloped RNA viruses, high resolution structures of the proteins that package the viral genome into virions, often termed the nucleocapsid or capsid proteins, are currently available from five virus families ( Fig. 4 ) (Retroviridae are not included in this discussion because their replication pathway is through a DNA intermediate (33) ). Although functionally equivalent, the size and structure of nucleocapsid proteins are remarkably diverse among these five virus families. The nucleoprotein of borna disease virus (BDV), a single-stranded RNA virus in the family Bornaviridae, con- tains 370 residues and folds into an S-shaped molecule consisting of 16 helices and two short ␤-strands (34) . In the crystal lattice, four subunits of BDV N interact extensively to form a homotetramer, suggesting that the functional unit of BDV N is a tetramer (Fig. 4A ). Both Semliki Forest virus (genus Alphavirus, family Togaviridae) and dengue virus (genus Flavivirus, family Flaviviridae) are small single-stranded RNA viruses with icosahedral symmetry. It has been suggested that they have a common ancestor because the structures of one of their surface glycoproteins are remarkably similar (35) (36) (37) . Inside the lipid bilayer, however, the nucleocapsid cores of these two viruses are quite different. An alphavirus core consists of 240 copies of the capsid protein arranged in a T ϭ 4 icosahedral lattice (38) . Each capsid protein has ϳ270 residues, of which the N-terminal ϳ120 residues are flexible. The remaining 150 residues adopt a chymotrypsin-like fold and form homodimers in the crystal (39, 40) (Fig.  4B) . In contrast, cryoelectron microscopy reconstructions of flaviviruses did not show a defined structure of the capsid core (41, 42) , suggesting that the core either is disordered or has a different symmetry from the surface icosahedral lattice. In addition, the exact copy number of the capsid protein in the core is unclear. The C-terminal 100 residues of flavivirus capsid proteins fold into a fourhelical structure with no similarity to that of an alphavirus capsid protein (43, 44) (Fig. 4C) .
It is striking that, within the group of enveloped RNA viruses, no two nucleocapsid proteins are known to be structurally similar except those of Arteriviridae and Coronaviridae (Fig. 4) . The structural similarity between the N proteins of SARS-CoV and PRRSV provides valuable information for understanding the evolutionary links between corona-and arteriviruses. Although these viruses were grouped in the same order, Nidovirales, their structural proteins were previously thought to be unrelated due to the marked difference in their sizes and lack of sequence similarity (15) . In this study, a common fold of the dimerization domains of Nidovirales N proteins is observed, suggesting a possible common origin of these two proteins. The amino acid sequence and gene size diversity may have resulted from extensive mutation and RNA recombination during evolution. It is also important to note that the assembled cores of corona-and arteriviruses have completely different structures. PRRSV N protein interacts with the RNA genome to form a spherical, possibly icosahedral core (45), whereas coronaviruses are known to have helical nucleocapsids (46) . It was previously suggested that the ancestral virus had an icosahedral nucleocapsid core, and the larger N protein of coronavirus, freed from its icosahedral package constraints, allowed the coronavirus genome to become larger during evolution (47) .
